Background: The rise in incidence of Alzheimer's disease (AD) has led to efforts to advance early detection of the disease during its preclinical stages. To achieve this, the field needs to develop more sensitive cognitive tests that relate to biological markers of disease pathology. Failure to recover from proactive interference (frPSI) is one such cognitive marker that is associated with volumetric reductions in the hippocampus, precuneus, and other AD-prone regions, and to amyloid load in the brain. Objective: The current study attempted to replicate and extend our previous findings that frPSI is a sensitive marker of early AD, and related to a unique pattern of volumetric loss in AD prone areas. Methods: Three different memory measures were examined relative to volumetric loss and cortical thickness among 45 participants with amnestic mild cognitive impairment. Results: frPSI was uniquely associated with reduced volumes in the hippocampus (r = 0.50) precuneus (r = 0.41), and other AD prone regions, replicating previous findings. Strong associations between frPSI and lower entorhinal cortex volumes and cortical thickness (r ≥ 0.60) and precuneus (r = 0.50) were also observed. Conclusion: Unique and strong associations between volumetric reductions and frPSI as observed by Loewenstein and colleagues were replicated. Together with cortical thickness findings, these results indicate that frPSI is worthy of further study as a sensitive and early cognitive marker of AD.
INTRODUCTION
Cognitive stress tests may be more sensitive to the early manifestations of Alzheimer's disease (AD) than traditional neuropsychological measures [1] [2] [3] . Akin to an exercise electrocardiogram which may reveal deficits not observed in the resting state, challenging the memory system with cognitive stress paradigms may reveal deficits which otherwise might be obscured by cognitive reserve and individual compensatory strategies.
The aging of the population and related rise in incidence of AD has resulted in increased interest in the development of more sensitive neuropsychological tests for the early detection of cognitive impairment. One novel test, the Loewenstein-Acevedo Scales for Semantic Interference and Learning (LASSI-L) [3, 4] , is a cognitive stress paradigm that employs controlled learning and cued recall to maximize the storage and retrieval of 15 target words belonging to three semantic categories (fruits, articles of clothing, and musical instruments). A unique aspect of the LASSI-L is the instrument's ability to measure proactive semantic interference (PSI: old semantic learning interfering with new learning) and recovery from proactive semantic interference (the ability to recover from PSI effects, by effectively learning a competing list of targets when offered an additional learning trial). Maximum storage of the original targets, PSI, and recovery from PSI have been shown to be very sensitive in discriminating between older adults with mild cognitive impairment (MCI) and those who are cognitively normal and to have good test-retest reliabilities [3, 4] . Equally important, among community-dwelling older adults who scored normally on traditional neuropsychological measures, failure to recover from PSI (frPSI) demonstrated strong associations with amyloid load in the precuneus, posterior cingulate, and whole brain [2] . These strong associations between amyloid load in regions vulnerable to AD pathology and sensitive indices of the LASSI-L (PSI and frPSI) suggest that the LASSI-L may be sensitive enough to detect early cognitive changes associated with amyloid-related neurodegeneration in pre-symptomatic AD. The previous study [2] also explored the association of brain amyloid load with other standard neuropsychological measures, where only weak or no associations were found. While brain amyloid load represents an early risk factor for subsequent clinical AD, reductions in regional brain volumes, measured by MRI, may provide a better measure of the actual neurodegeneration associated with the AD cascade. Holland et al. [5] and Dickerson et al. [6] identified several brain regions (discernable on MRI) which may represent a signature of the neurodegeneration that presents early in the course of the illness. In the current investigation, we assessed participants diagnosed with amnestic MCI (aMCI) and correlated the volumes of AD signature brain regions to performance on the LASSI-L and other commonly used memory measures. We wanted to determine the extent to which we could replicate previous findings and hypothesized that frPSI was related to volumetric reductions in the hippocampus and precuneus as well as other AD-prone regions [1] . We also attempted to investigate the relationship between frPSI and cortical thickness (CoTH) in those regions susceptible to AD neurodegeneration.
MATERIALS AND METHODS

Participants
Forty-five older adult participants from the NIHfunded 1Florida Alzheimer's Disease Research Center were recruited into this IRB approved investigation at Mount Sinai Medical Center, Miami Beach, Florida. Participants were evaluated using a standard clinical assessment protocol, which included the Clinical Dementia Rating Scale (CDR) [7] , and the Mini-Mental State Examination (MMSE) [8] . An experienced geriatric psychiatrist (MG) who was blind to the neuropsychological test results and had formal training in administering the CDR and MMSE, assessed memory and other cognitive complaints. All participants were community-dwellers, independent in their activities of daily living, had knowledgeable collateral informants, and did not meet DSM-V criteria for Major Neurocognitive Disorder, active Major Depression, or any other neuropsychiatric disorder. In cases where there was evidence of cognitive decline by history and/or clinical examination, the clinician scored the Global CDR as 0.5 and a probable diagnosis of aMCI, pending the results of formal neuropsychological testing. Next, we administered a standard neuropsychological battery uniformly across groups independent of the clinical examination. The neuropsychological battery included delayed recall of the Revised Hopkins Verbal Learning Test (HVLT-R) [9] , the National Alzheimer's Coordinating Center (NACC) delayed paragraph recall [10] , Category Fluency [11] , Block Design of the Wechsler Adult Intelligence Scale-Fourth Edition [12] , and the Trail Making Test (Parts A and B) [13] . The LASSI-L was not used for diagnostic determination.
On the basis of the independent clinical interview and performance on the neuropsychological tests, an individual was considered to have aMCI if there were: a) subjective memory complaints by the participant and/or collateral informant; b) evidence by clinical evaluation or history of memory or other cognitive decline; c) Global CDR scale of 0.5; d) one or more memory measures fell below normal limits at 1.5 SD or more relative to age and education related normative data.
The mean age of the aMCI sample was 73.6 (SD = 8.2 years) and the average level of education was 14.57 (SD = 3.3 years). There were 55.6% female participants and 51.1% of participants spoke English as their primary language. The mean MMSE score was 27.00 (SD = 2.1). The LASSI-L has been validated in both English and Spanish [3, 14] and we administered the test battery in the participants' primary and/or preferred language by fluent Spanish/English bilingual psychometricians.
Neuropsychological measures
Loewenstein-Acevedo Scales for Semantic Interference and Learning
The LASSI-L is a novel paradigm that employs controlled learning and cued recall to maximize storage of a list of to-be-remembered target words representing three semantic categories [4] . Test-retest reliabilities of the LASSI-L have been shown to be high in previous studies, and the accuracy of classification of MCI patients versus cognitively normal elderly participants has exceeded 90% [1, 4] . A unique aspect of this paradigm is the presentation of a second list of to-be-remembered words, which share the same semantic categories in the first list, eliciting a considerable amount of proactive semantic interference. Unlike other memory measurement paradigms, the individual is again administered this second list of words to measure recovery from proactive semantic interference. We describe the specific elements of the test below.
The examinee is instructed to remember a list of 15 common words that are fruits, musical instruments, or articles of clothing (five words per category). After being presented all 15 words, the examinee is asked to recall them. After free recall has ended, the examinee is presented with each category cue (e.g., clothing) and asked to recall the words that belonged to that category (LASSI-L A1). The examinee is again presented with the target stimuli for a second learning trial of List A with subsequent cued recall to strengthen the acquisition and recall of the List A targets, providing maximum storage of the to-be-remembered information (LASSI-L A2). Following this trial, the participant is introduced to a different, but semantically related word list (i.e., List B), which is presented in the same manner as List A targets. List B consists of 15 words which are different from List A, five that belong to each of the three categories used in List A (i.e., fruits, musical instruments, and articles of clothing). Following the presentation of the List B words, the person is asked to freely recall the List B words; this assesses proactive semantic interference effects (LASSI-L B1). Then, participants are asked to recall the List B words that belonged to each of the three categories. List B words are presented again, followed by a second category-cued recall trial. This second learning trial for the new list measures the participant's ability to recover from the proactive semantic interference effects (LASSI-L B2). Difficulties with LASSI-L B2 recall is thought to represent frPSI. The LASSI-L has been determined to have adequate test-retest reliabilities (r = 0.60 to r = 0.89) among aMCI and early dementia. High discriminative and concurrent validity have also been reported [15] .
Hopkins Verbal Learning Test
The HVLT-R [9] a short test of verbal memory, consists of 12 words belonging to three distinct semantic categories. Psychometrists read the word-list to participants, who were asked to immediately recall as many words as they could remember. This procedure was repeated for a total of 3 trials. After a delay of 20-25 min, another free recall occurred. The HVLT has been found to have good sensitivity and specificity in differentiating among normal patients and those with possible MCI [16] .
NACC delayed paragraph recall
This is a widely-used measure that is employed by the National Alzheimer's Coordinating Center and involves a 20-min delayed recall for a story passage consisting of 25 elements [10] .
MRI measurements
The 45 aMCI participants underwent MRI scanning using a Siemens Skyra 3T MRI scanner at the Mount Sinai Medical Center. Brain parcelation was obtained using a 3D T1-weighted sequence (MPRAGE) with 1.0 mm isotropic resolution. FreeSurfer Version 5.3 software (http://surfer.nmr. mgh.harvard.edu) was employed to assess atrophy in AD signature regions [5, 6, 17] , including the hippocampus, entorhinal cortex (ERC), precuneus, posterior cingulate gyrus, inferior temporal gyrus, temporal pole, superior parietal lobule, superior frontal gyrus, and posterior cingulate gyrus. We also included the volume of the inferior lateral ventricles, a sensitive index of atrophy in surrounding brain regions, which are affected early in AD. Larger inferior ventricle volume is indicative of greater ventricular dilatation and is inversely correlated with measures such as the hippocampus and other brain regions.
We employed visual inspection of the segmentation as outlined in the Alzheimer's Disease Neuroimaging Initiative protocol. There were no segmentation issues with any of the scans and none of the patients required manual adjustments. Given the high degree of association between corresponding structures in the right and left hemispheres, homologous structures (e.g., precuneus, inferior temporal lobules) were combined and normalized using intracranial volume [1] . We also calculated absolute mean CoTH in both hemispheres in those regions in which AD volumes had been calculated and combined them with these hemispheric values to obtain total CoTH for specific brain regions.
Statistical analyses
A major goal of the study was to determine the extent to which we could replicate previous findings showing that frPSI was strongly and/or uniquely related to reduced MRI volumes. We chose those vulnerable regions in the Loewenstein et al. study [1] including the hippocampi, ERC, rostral frontal regions, inferior lateral ventricle, precuneus, inferior temporal lobules, temporal poles, superior parietal lobules, and posterior cingulate. We conducted a series of Pearson Analyses adjusting p-values to account for the false discovery rate (FDR: Benjamini and Hochberg) [18, 19] associated with each individual cognitive measure which correlated with ten MRI regional volumes. Only corrected p-values of p < 0.05 were considered. Analyses were also conducted controlling for FDR, which evaluated the associations between specific cognitive variables and CoTH measures. Table 1) . Following correction for FDR, no other cognitive measures evidenced statistically significant associations with MRI volumetric indices.
RESULTS
After adjusting p-values
Following adjustment for FDR, frPSI was correlated with cortical thinning in the ERC (r = 0.60; p = 0.004), precuneus (r = 0.50; p = 0.004), and temporal pole (r = 0.43; p = 0.011) ( Table 2 ). However, statistically significant associations between HVLT-R total free recall scores and ERC CoTH was observed for the ERC (r = 0.42; p = 0.008) and precuneus (r = 0.47; p = 0.008). Further, HVLT-R total free recall scores were associated with lower CoTH in the superior parietal lobules. NACC delayed passage recall was also associated with reduced CoTH in the precuneus and superior parietal lobules.
We were able to compare the strength of directional association between the LASSI-L B2 Cued Recall (measuring frPSI) (r = 0.60) with the HVLT-R total recall score (r = 0.42) in the ERC. Using Steiger's (1980) Equations 3 and 10 [19] , we computed the asymptotic covariance of the estimates; this enabled us to calculate these quantities employing an asymptotic z-test converted into a z-score using Fisher's r-to-z transformation. This calculation resulted in a z score of 1.828 (p = 0.034 for a onetailed test of differential magnitude of association).
In Supplementary Table 1 , as part of exploratory analyses, we compared the LASSI-L B2 Cued recall measure with 43 additional Freesurfer MRI volumetric regions available including but not limited to lateral orbital frontal, caudal middle frontal, medial orbital, frontal pole, caudal and rostral anterior cingulate, isthmus cingulate, lingual, pericalcrine, cuneus, fusiform, lateral occipital, brain stem, caudate, putamen, paladium, thalamus, supramarginal, paracentral, precentral, transverse temporal, middle temporal, cerebellar gray matter as well as cerebellar white matter, different aspects of the corpus callosum (anterior, central, posterior), 3rd, 4th, and 5th ventricles, banks of the superior temporal sulcus, superior temporal lobes, inferior parietal, acumbens, choroid plexus, amygdala, parsorbitalis, parsopercularis, and parstriangularis. After correction for FDR, statistically significant associations were found for the fusiform, supramarginal gyrus, middle temporal, superior temporal, and amygdala regions, all areas that have been associated with neurodegeneration associated with AD [1, 5, 6, 20] (although not preselected as the ten targeted AD regions that were a focus of this replication study). The associations between the thalamus and accumbens regions also remained statistically significant after controlling for FDR.
The scatterplots representing the association between frPSI, delayed paragraph recall and hippocampal volumes as are presented in Figs. 1-3 indicating that there was a wide range of cognitive scores on each measure associated with hippocampal volumes. 
DISCUSSION
In an independent sample of older adults diagnosed with aMCI, we were able to largely replicate our previous work [1] demonstrating that frPSI as measured by the LASSI-L is uniquely and significantly associated with volumetric loss in AD prone areas such as the hippocampus, precuneus, inferior temporal lobules, superior parietal areas, and temporal pole. In addition, we replicated our earlier finding that inferior lateral ventricular enlargement is also associated with frPSI. This is an important observation since ventricular dilatation is an early neuroimaging feature in those with preclinical AD [21] .
In the current investigation, we also found strong correlations between the ERC and frPSI, which was not observed in our previous study. We were unable to replicate previous findings of a relationship between frPSI and volumetric reductions in the rostral middle frontal regions in the present study, however. Indeed, Supplementary Table 1 indicates that additional prefrontal and other frontal regions similarly were not related to frPSI. This may be related to differences between samples in the current versus the previous study. While age and average MMSE scores were equivalent in both investigations, it is likely that reductions in ERC volumes and measures of CoTH in the current investigation stems from differences in the admixture of etiological diagnoses in the two distinct aMCI cohorts. In our previous 2017 study [1] , the aMCI sample was predominantly communitybased, whereas in the present investigation, many of our aMCI participants were recruited from a specialty outpatient memory disorders clinic. It is well established that the base rate of underlying AD is much higher in those seeking evaluation for memory disorders than in the general community [20] . Presumably, the present sample had a greater admixture of participants with underlying AD and this may account for the strong associations between frPSI and volumetric loss in the ERC. This conclusion is further supported by the fact that frPSI was also highly associated with reduced CoTH measures in the ERC, was more strongly associated than immediate recall on the HVLT-R, and was not found with other memory measures. These associations with the ERC are particularly important in that this is an area of neurofibrillary tangle deposition in the early stages of AD [17] .
In addition to ERC and hippocampus findings, frPSI was strongly associated with both volume reduction and cortical thinning in the precuneus. This is important given our previous findings that amyloid load in whole brain, and particularly the precuneus was related to frPSI in neuropsychologically normal, but elderly (and therefore, at-risk) community-dwelling elders [2] . Minors, Palmer, and Love [22] found that decreased perfusion in the precuneus is an early finding in AD. Indeed, Lundstrom, Ingvar, and Peterson [23] have emphasized the precuneus in source memory and its relationship and connectivity to a number of brain regions involved in efficient cognitive processing.
Strengths of the current study include the replication of many of our 2017 [1] findings on a larger sample size of aMCI participants using similar diagnostic criteria as our previous cohort of aMCI participants. We also employed methods to control for false discovery rates and to minimize the possibility of family-wise Type 1 errors. Our examination of CoTH and volumetric reductions in aMCI participants demonstrated convergence between volumetric loss and CoTH with regards to performance on the LASSI-L measure most sensitive to frPSI. While frPSI on the LASSI-L were associated with volumetric reductions across a wide range of AD prone brain regions, reduced volumes did not correlate with other memory measures. Although the associations between frPSI and CoTH were stronger for the ERC, other cognitive measures tapping learning, particularly HVLT-R total recall, were related to CoTH in the ERC. Interestingly, HVLT-R total recall and NACC delayed recall for a passage were uniquely related to decreased CoTH in the superior parietal regions. There is increasing recognition that volumetric measures may differ from measures of CoTH in relationship to cognitive processes [24, 25] , and our findings indicate that this is an area worthy of further research.
A potential weakness of the current investigation was that some of the memory measures such as HVLT-R delay and delayed NACC passage were used as part of the diagnostic process and it is possible that there was a lower potential range of scores than for the LASSI-L. However, this is unlikely for a number of reasons. First, an inspection of scatterplots in Figs. 1-3 showed a wide distribution of scores on delayed passage recall as well as the HVLT-R total score. Secondly, the HVLT-R total recall score was not used in diagnostic determination and had a much broader range of scores than the frPSI score of the LASSI-L. Finally, other LASSI-L scores not associated with MRI findings were within equal range as the LASSI-L frPSI measure.
It might also be argued that List B2 cued recall is assessing a process other than putative frPSI effects. Since subjects were only asked to recall targets from List B, it is difficult to evoke deficient supraspan the mechanism that we believe is contributing to the observed frPSI effects. Moreover, a defective supraspan would not explain the high associations between B2 frPSI measures and MRI indices, while no such associations exist for B1 measures vulnerable to PSI. In fact, even after expressing frPSI as a ratio of B2 cued recall to A2 cued recall there were continued statistically significant associations with MRI volumes in the hippocampus, ERC, and inferior lateral ventricles. As we have noted elsewhere, some of the frPSI effects may be related to deficits in source memory which may have some executive components [3] which may reflect disconnection between regions that may not be readily observed with structural MRI. Finally, although a proactive semantic interference (PSI effect) in and of itself was not related to MRI measures, future studies should address traditional memory measures that have a proactive interference component (although existing measures do not address frPSI).
As attention is focused on identification of cognitive deficits in pre-clinical stages of neurodegenerative disorders such as AD, it is important to employ cognitive stress tests to detect subtle deficits among older adults who may have little or no cognitive impairment on traditional neuropsychological measures. A unique aspect of the LASSI-L, relative to other cognitive measures, is that it has a second cued recall trial which measures the ability to recover from the initial effects of PSI. Proactive semantic interference results in individuals being unable to dismiss information that is no longer relevant and it has been interpreted as an inability to control information coming from memory content [26, 27] . This inhibitory process appears to diminish with repeated administrations of the new target, but not among those with aMCI [2, 3] . It is this frPSI that appears to be related to brain biomarkers associated with AD.
This replication study indicates that frPSI is associated with volumetric measures across a wider spectrum of AD signature regions and more specifically, it is the most highly associated with both volume and CoTH of the ERC. Subsequent longitudinal studies including diverse ethnic/cultural groups, are required to determine the universality of this finding and whether measures susceptible to frPSI are predictive of longitudinal changes in cognition and specific biomarkers.
